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UV cross-linking analyses were performed in an attempt to determine cellular protein–viral RNA interactions with the 39
untranslated region (39 UTR) of the hepatitis C virus RNA genome. Two cellular proteins, with estimated molecular masses
of 58 kDa (p58) and 35 kDa (p35), respectively, were found to specifically bind to the 39 UTR. The p58 protein was determined
to be the polypyrimidine tract-binding protein. In addition to binding to the conserved 98 nucleotides (nt) of the 39 UTR, p58
also binds to the poly(U) tract of the 39 UTR. The p35 protein was found to interact only with the poly(U) tract of the 39 UTR.
These conclusions are supported by the following findings: (1) p58, and not p35, binds to the 39 end conserved 98 nt, (2) both
p58 and p35 bind to a 39 UTR RNA with a deletion of the conserved 98 nt, (3) the 98-nt deletion mutant 39 UTR competed out
both p58 and p35 binding, (4) a poly(U) homopolymer competed out both p58 and p35 binding, (5) a 39 UTR RNA with deletion
of the poly(U) tract competed out only p58 binding but not p35 binding, and (6) an RNA containing the variable region of the
39 UTR with a deletion of both poly(U) tract and 98 nt failed to compete for binding of either p58 or p35. Interaction of these
cellular proteins with the HCV 39 UTR is probably involved in regulation of translation and/or replication of the HCV RNA
genome. © 1999 Academic Press
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MINTRODUCTION
Hepatitis C virus (HCV) is a positive-stranded RNA
irus with a 9.5-kb RNA genome (Choo et al., 1989; Kato
t al., 1990). The viral RNA is composed of a long 59
ntranslated region (59 UTR) of 341 nucleotides, a single
ong open reading frame (ORF), and a 39 untranslated
egion (39 UTR) (Brown et al., 1992; Bukh et al., 1992; Han
nd Houghton, 1992; Kolykhalov et al., 1996; Major and
einstone, 1997; Matsuura and Miyamura, 1993; Rice,
996; Tanaka et al., 1995, 1996; Yamada et al., 1996). The
RF encodes a polyprotein of 3010–3040 amino acids,
hich is cotranslationally or posttranslationally pro-
essed by cellular and viral proteases into at least 10
tructural and nonstructural proteins in the following
rder: C, E1, E2, P7, NS2, NS3, NS4A, NS4B, NS5A, NS5B,
Choo et al., 1989; Kato et al., 1990; Matsuura and Mi-
amura, 1993; Miyamura and Matsuura, 1993; Rice, 1996).
ased on the similarity of the genome organization and
he amino acid sequences of HCV to those of pestivi-
uses and flaviviruses, it was classified as the third
enus of the Flaviviridae family (Rice, 1996).
In the past several years, a great deal of progress has
een made toward understanding the genomic organi-
ation of HCV, proteolytic processing of the viral polypro-
ein, and biochemical characterization of the individual
iral proteins (Bartenschlager, 1997; Hijikata et al., 1991;
1 To whom reprint requests should be addressed. Fax: (203) 284-
s088. E-mail: Luog@bms.com.
105ajor and Feinstone, 1997; Miyamura and Matsuura,
993; Rice, 1996). Recent studies using recombinant sys-
ems indicated that the C, E1, and E2 proteins are suffi-
ient for the assembly of viral particles (Baumert et al.,
998; Lagging et al., 1998). The nonstructural proteins
S2, NS3, and NS4A are viral proteases or cofactor
equired to process the viral polyprotein (Failla et al.,
994; Kim et al., 1996; Love et al., 1996; Tomei et al.,
993). NS3 has also been found to possess ATPase (Jin
nd Peterson, 1995) and helicase (Kim et al., 1998; Yao et
l., 1997) activity. Also, in vitro biochemical analyses have
ecently demonstrated that NS5B is an RNA-dependent
NA polymerase (Behrens et al., 1996; Lohmann et al.,
997). However, functions of the viral proteins in the
ontext of the virus life cycle are not amenable for ex-
mination, due largely to the lack of an efficient tissue
ulture system for propagating virus (Bartenschlager,
997; Major and Feinstone, 1997; Rice, 1996). Recent
dvances in the recovery of infectious HCV from cDNA-
erived RNA genome in chimpanzee may provide an
lternative approach toward genetic analysis and manip-
lation of the viral genome and viral proteins (Kolykhalov
t al., 1997; Yanagi et al., 1997, 1998b).
On the other hand, little is known about the molecular
echanism of HCV replication. Comparative sequence
nalyses have revealed that the 59 UTR is one of the most
onserved RNA sequence among different genotypes of
CV (Brown et al., 1992; Bukh et al., 1992; Matsuura and
iyamura, 1993), suggesting that it may act as cis signal orignals for translation and replication of the viral RNA ge-
0042-6822/99 $30.00
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106 GUANGXIANG LUOome (Brown et al., 1992; Bukh et al., 1992; Matsuura and
iyamura, 1993; Rice, 1996). A number of studies have
emonstrated that the 59 UTR functions as an internal
ibosomal entry site for cap-independent initiation of trans-
ation (Matsuura and Miyamura, 1993). Whether the 59 UTR
lso plays a role in viral RNA replication remains to be
etermined. In the case of poliovirus, however, the 59 UTR
s involved in both translation and replication of the
iral RNA genome (Andino et al., 1993; Rohll et al., 1994;
amarnik and Andino, 1998). The 39 UTR of HCV consists of
variable region (type-specific region), a polyuridine tract of
ariable length, and a highly conserved 39-terminal 98 nu-
leotides (nt) (Kolykhalov et al., 1996; Tanaka et al., 1995,
996; Yamada et al., 1996). The 39-terminal 98 nucleotide
equence was predicted to form an RNA structure with
hree stem-loops and may be involved in viral RNA replica-
ion or translation (Kolykhalov et al., 1996; Tanaka et al.,
996; Yamada et al., 1996). The stem-loop structures of the
8-nt RNA have been experimentally confirmed by ribonu-
lease digestion (Blight and Rice, 1997; Ito and Lai, 1997). In
ddition, a cellular factor, polypyrimidine tract-binding pro-
ein (PTB), was found to specifically bind to these stem-loop
tructures (Ito and Lai, 1997; Tsuchihara et al., 1997). The
unction or functions of the conserved 98 nt and its inter-
ction with PTB largely remain speculative (Ito and Lai,
997; Kolykhalov et al., 1996; Tanaka et al., 1996; Tsuchihara
t al., 1997; Yamada et al., 1996). However, it has recently
een described that the conserved 39 end 98 nt (X region)
nhanced translation by a factor of threefold to fivefold in an
nternal ribosome entry site (IRES)-dependent manner, and
t did not affect the cap-dependent translation (Ito et al.,
998). Furthermore, it has also been shown that deletion of
ither the 39-terminal 98 nt or the poly(U) tract of the HCV 39
TR failed to generate virus infection in a chimpanzee
odel. This experiment demonstrated that both the con-
erved 98 nt and the poly(U) tract are essential for recovery
f infectious virus, indicating their important roles in HCV
eplication (Yanagi et al., 1998a; Dr. Robert Purcell, personal
ommunication).
In an attempt to further understand the function or
unctions of the 39 UTR of the HCV RNA genome, the
nteraction of the 39 UTR with cellular proteins was an-
lyzed by UV cross-linking. The results described in this
tudy herein reveal that two cellular proteins, p58 and
35, bind to the 39 UTR of the HCV RNA genome. In
greement with previous reports (Ito and Lai, 1997;
suchihara et al., 1997), p58 protein binds to the 59
erminal 28 nt of the conserved 98 nt of the 39 UTR. In
ddition, p58 was also found to interact with the poly(U)
ract of the 39 UTR. The other protein, p35, specifically
inds to the poly(U) tract of the 39 UTR. Binding of p58
PTB) to the conserved 98 nt of the 39 UTR was recently
eported to be partially responsible for stimulation of the
RES-dependent translation (Ito et al., 1998). Sequence
nalyses has revealed that the poly(U) tract of the HCV 39
TR is highly variable in length among different isolates Rnd often contains interspersed cytidine substitutions
Kolykhalov et al., 1996; Major and Feinstone, 1997; Rice,
996; Tanaka et al., 1995, 1996; Yamada et al., 1996). One
ossibility is that the binding of p58 and p35 to the
oly(U) tract may also play a regulatory role in the trans-
ation and/or replication of the HCV RNA genome.
RESULTS
dentification of cellular proteins that bind to the 39
TR
It has been recently reported by two independent
esearch groups that a cellular factor, PTB (p58), specif-
cally binds to the conserved 98 nt of the HCV 39 UTR (Ito
nd Lai, 1997; Tsuchihara et al., 1997). We are also
nterested in the interaction of the HCV 39 UTR with
ellular proteins because a number of cellular factors
ave been identified that bind to the 39 end of the RNA
enome of several other RNA viruses (Blackwell and
rinton, 1995, 1997; Kusov et al., 1996; Leopardi et al.,
993; Pardigon and Strauss, 1992; Shi et al., 1996; Todd et
l., 1995; Yu and Leibowitz, 1995). Because the HCV 39
TR is composed of three distinct regions, the variable
egion, a poly(U) tract, and a conserved 98-nt sequence
t the 39 end (Fig. 1), an attempt was made to identify
ellular proteins that bind to any of these regions. A
niformly [a-32P]UTP-labeled 39 UTR/full RNA (Fig. 1) was
ncubated with Huh 7 cell extract that was preincubated
ith excess yeast tRNA to limit potential nonspecific
NA–protein interactions. The RNA–protein complexes
ere then UV cross-linked, extensively treated with
Nase A and T1, and analyzed by electrophoresis on
DS–PAGE. This analysis identified two major protein
ands that bind to the 39 UTR, with estimated molecular
asses of 58 kDa (p58) and 35 kDa (p35). The intensity
f both protein bands increases with increasing amounts
f cell extracts (Fig. 2A). The p58 protein was detected at
;25-fold lower protein concentration than p35. Binding
f p58 to 39 UTR starts to appear at a protein concentra-
ion of 72 ng (more obvious in a longer exposure of Fig.
A) and reaches a peak at 9 mg of cellular protein.
owever, p35 protein was not detected until 1.8 mg of cell
xtract was used in the UV cross-linking assay (Fig. 2A).
inding of p35 protein to the 39 UTR also increases with
ncreasing amount of cell extract, and saturates at ;45
g of cellular protein (Fig. 2A, and data not shown).
nterestingly, it appears that binding of p35 protein to the
9 UTR reduced binding of p58 (Fig. 2A, lane 6), suggest-
ng that binding of p35 may interfere or compete with the
inding of p58 to the 39 UTR (also see below).
To examine the specificity of the interaction between
he HCV 39 UTR and cellular proteins, RNA binding com-
etition experiments were performed with two different
NA competitors, unlabeled 39 UTR/full and 59 UTR
NAs. In these experiments, two different protein con-
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107PROTEIN BINDING TO HCV 39UTR POLY(U) TRACTentrations (1.8 mg and 45 mg) of cell extract were used
ecause binding of p58 and p35 reaches their respective
eak at different protein concentrations (Fig. 1A). Cell
xtract was incubated with an excess of yeast tRNA at
0°C for 10 min before [a-32P]UTP-labeled 39 UTR/full
NA was added together with an increasing amount of
nlabeled competitor RNA and incubated for an addi-
ional 30 min at 30°C. When unlabeled specific 39 UTR/
ull RNA was used, the binding of both p58 and p35 to
abeled RNA was competed out in proportion to the
ncreasing amount of unlabeled 39 UTR/full RNA (Figs. 2,
–D). At a protein concentration of 45 mg, ;50 times
FIG. 1. (A) Sequences of the HCV 39 UTR used in this study. The 39 U
poly(U) tract (49 nt, underlined), and the 39 end conserved 98 nt (bold
ere produced. (B) Schematic diagram of the full-length 39 UTR and de
atched box represents the variable region of the 42 nt immediate dow
7 promoter is indicated at the front of each transcript.ore competitor RNA is required to reduce binding of H58 by 50% compared with that required to reduce bind-
ng of p35 by 50% (Fig. 2D). However, when cell extract
as reduced to 1.8 mg, competition of p58 binding by 39
TR/full RNA is comparable with that of p35 (Fig. 2D).
he binding of p58 and p35 to the 39 UTR was not
ffected by the addition of increasing amounts of 59 UTR
NA when 45 mg of cell extract was used. When 1.8 mg
f cell extract was used in this assay, however, 20% of
58 binding was competed out by 59 UTR at 1000 ng, but
35 binding was still not reduced at this concentration
Fig. 3). These experiments clearly demonstrate that p58
referentially and p35 specifically bind to the 39 UTR of
sists of three distinct regions: the 59 end variable region (42 nt, italic),
d  indicate sites where 39- (D39) and 70- (D70) nt deletion mutants
mutants. Generation of these RNA transcripts is described in the text.
m of the ORF; h, poly(U) tract of 49 nt; n, 39 end conserved 98 nt. TheTR con
).  an
letion
nstreaCV RNA genome.
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108 GUANGXIANG LUOetermination of p58 and p35 binding sites
To further delineate the binding region for p58 and p35
FIG. 2. (A) UV cross-linking analysis of RNA–protein complexes. [a-32
.8, 9.0, and 45 mg) of Huh7 cell extract, followed by UV irradiation. Afte
n an SDS–12% polyacrylamide gel. Protein markers are indicated on
roteins, with estimated masses of 58 and 35 kDa. (B) Competition of
xtract. Radiolabeling of cellular proteins to 32P-labeled 39 UTR/full RNA
g) of unlabeled 39 UTR/full, as indicated on the top. After UV irradiation
DS–12% polyacrylamide gel. The gel was dried and autoradiographed.
ross-linked cellular proteins. (C) Competition of protein–RNA complexe
s in B except 45 mg of cell extract was used. The increasing amounts
op. (D) Comparison of protein–RNA competition by 39 UTR/full RNA b
ross-linking of p58 and p35 by unlabeled 39 UTR/full RNA in B and C
as calculated using protein–RNA complex in the absence of competit
f competitor RNA in log scale; 0.001 on the x-axis actually stands for 0
xtract; n, p58 at 1.8 mg of cell extract; and , p35 at 1.8 mg of cell exn the 39 UTR RNA, mutant 39 UTR RNAs were transcribed bnd examined in the RNA–protein UV cross-linking anal-
sis (Fig. 1). As shown in Fig. 4, a truncated 39 UTR with
39-nt deletion from the 39 end retains full activity for
labeled 39 UTR was incubated with increasing amounts (0, 0.072, 0.36,
tion with RNases, cellular proteins were analyzed by electrophoresis
t, and labeled as M on the top (lane 1). Arrows highlight two cellular
rotein interactions with unlabeled 39 UTR/full RNA using 1.8 mg of cell
ompeted by the addition of increasing amounts (0, 0.1, 1.0, 10, and 100
Nase treatment, UV cross-linked proteins were electrophoresed on an
size markers are indicated on the left, and arrows on the right indicate
UTR/full RNA using 45 mg of cell extract. The procedures are the same
petitor RNA (0, 0.1, 1.0, 10, 100, and 1000 ng) used are indicated on the
1.8 and 45 mg of cell extract used in the assay. Competition of the
antified with a Storm PhosphorImager. The percentage of control (%)
as 100%. The percentage of control (%) is plotted against the amount
mpetitor RNA). , P58 at 45 mg of cell extract; h, P35 at 45 mg of cellP]UTP-
r diges
the lef
RNA–p
was c
and R
Protein
s by 39
of com
etween
was qu
or RNA
(no cooth p58 and p35 binding (lane 3). Extended analysis
f
e
w
b
r
s
p
o
t
c
p
b
(
b
H
3
R
a
d
p
U
c
T
(
c
u
b
3
b
u
t
O
9
n
3
R
o
m
o
R
l
a
a
109PROTEIN BINDING TO HCV 39UTR POLY(U) TRACTurther revealed that deletion of the last 70 nt from the 39
nd did not reduce the ability of the 39 UTR to interact
ith both p58 and p35 (lane 4). This indicates that the
inding sites for p58 and p35 are located in the variable
FIG. 3. Effects of 59 UTR RNA on the binding of p58 and p35 to 39 UTR
9 UTR/full and increasing amounts (0, 1.0, 10, 100, and 1000 ng) of un
Nase digestion. Protein–RNA complexes were resolved by an SDS–1
n the right side indicate UV cross-linked cellular proteins.
FIG. 4. UV cross-linking analysis of cellular proteins and deletion
utants of 39 UTR. Huh7 cell extracts were incubated with 3 3 105 cpm
f either 39 UTR/full, 39 UTR/D39, 39 UTR/D70, or 39 UTR/98 RNA.
NA–protein complexes were cross-linked by UV irradiation and ana-
yzed by an SDS–10% polyacrylamide gel. The gel was dried and
utoradiographed. Protein mass size is indicated on the left side, andarrows on the right side indicate cellular proteins.egion, poly(U) tract and/or the 59 end 28 nt of the con-
erved 98 nt. To further determine the binding sites for
58 and p35, deletion mutant RNAs consisting of either
nly the conserved 98 nt or only the variable region and
he poly(U) tract sequence were then examined by UV
ross-linking analysis for their ability to bind to p35 and
58. When the conserved 98 nt RNA was uniformly la-
eled and tested, only p58 was able to be cross-linked
Fig. 4, lane 2). This experiment demonstrated that p35
inds to the sequence outside the conserved 98 nt.
owever, the intensity of p58 binding to the 98 nt RNA is
.5 times less compared with its binding to a 39 UTR/full
NA (Fig. 4, lane 1), suggesting that the variable region
nd poly(U) tract may be also involved in p58 binding. To
irectly determine the role of the variable region and
oly(U) tract in p58 and p35 binding, 39 UTR/D98, a 39
TR RNA with deletion of the 98 nt, was examined in a
ompetition experiment. The results are shown in Fig. 5.
he 39 UTR/D98 RNA potently competed out p35 binding
Fig. 5). Binding of p35 to labeled 39 UTR was dramati-
ally reduced in proportion to increases in the amount of
nlabeled 39 UTR/D98 RNA. Its potency in competing p35
inding is close to that of 39 UTR/full RNA (Fig. 2D). Like
9 UTR/full RNA, 39 UTR/D98 RNA also competed out p58
inding to a lesser extent when 45 mg of cell extract was
sed (Fig. 5A and 5B). From these results, it is apparent
hat two separate binding sites exist within the 39 UTR.
ne binding site resides in the 59 28 nt of the conserved
8 nt to which p58 binds, whereas the other is within the
onconserved upstream sequences to which p35 and
Either 1.8 or 45 mg of Huh7 cell extract was incubated with 32P-labeled
59 UTR RNA as indicated on the top, followed by UV irradiation and
acrylamide gel. Protein markers are indicated on the left, and arrowsRNA.
labeled
2% polylso possibly p58 bind.
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110 GUANGXIANG LUOnteraction of p58 with another sequence besides the
9 end 98 nt
The p58 protein was previously reported to specifically
ind to the 39 end conserved 98 nt and was determined
o be a PTB (Ito and Lai, 1997; Tsuchihara et al., 1997).
he finding that p58 binds to the 39 end 98 nt was also
dentified in this study as described above. In addition,
FIG. 5. (A) Competition analysis of RNA–protein interaction with
nlabeled 39 UTR/D98 RNA. Huh7 cell extracts (45 mg) were incubated
ith 3 3 105 cpm of 32P-labeled 39 UTR/full RNA together with increas-
ng amounts (0, 0.1, 1.0, 10, 100, and 1000 ng) of unlabeled 39 UTR/D98
NA. RNA–protein complexes were treated by UV irradiation and
Nases A and T1 and analyzed by an SDS–12% polyacrylamide gel.
rotein markers are on the left, and arrows on the right side highlight
ellular proteins. C indicates control with the labeled 39 UTR/full RNA
nly in the absence of cell extract. (B) Comparison of protein–RNA
ross-linking competed by 39 UTR/D98 RNA between 1.8 and 45 mg of
ell extract. The protein–RNA complexes shown in A and Fig. 6B were
uantified with a Storm PhosphorImager. The percentage of control (%)
as calculated from the data using protein–RNA complex in the ab-
ence of competitor RNA as 100%. The percentage of control (%) is
lotted against the amounts of competitor RNA in log scale. n, p58 at
5 mg of cell extract; h, p35 at 45 mg of cell extract; , p58 at 1.8 mg of
ell extract (Fig. 6B); and , p35 at 1.8 mg of cell extract (Fig. 6B).esults derived from a competition experiment using a 1utant 39 UTR RNA with deletion of the 39 end 98 nt (39
TR/D98) suggest that it may also bind to a region
utside the 98 nt (Fig. 5A). To further explore this possi-
ility, an [a-32P]UTP-labeled 39 UTR/D98 RNA was di-
ectly used in the UV cross-linking assay. Interestingly,
oth p58 and p35 were found to bind to 39 UTR/D98 RNA
Fig. 6A). Binding of p58 and p35 to 39 UTR/D98 is also
roportional to the amount of cell extract used. To further
erify this finding, an unlabeled 39 UTR/D98 RNA was
sed in a competition experiment. Because p58 binding
s more sensitive to competitor RNA at a lower protein
oncentration, 1.8 mg of cell extract was used instead of
5 mg of cell extract, as described in Fig. 5A. Results
erived from this competition experiment clearly show
hat 39 UTR/D98 RNA competed out p58 binding to an
quivalent extent as it competed for p35 binding (Figs. 5B
nd 6). These findings confirmed that p58 also interacts
ith a sequence besides the 39 end 98 nt. To determine
hether p58 is a PTB, an immunoprecipitation experi-
ent was performed using a monoclonal antibody spe-
ific for PTB. After the UV cross-linking of cellular pro-
ein–39 UTR RNA and RNase treatment, protein–RNA
omplexes were incubated with anti-PTB antibody and
recipitated by protein A–Sepharose. As shown in Fig.
C, an anti-PTB antibody specifically precipitated p58 but
ot p35. This experiment verified that p58 is the PTB.
he poly(U) tract of 39 UTR is the binding site for both
58 and p35
The nonconserved region of the 39 UTR consists of a
ariable region of ;40 nt immediately downstream of the
RF and a poly(U) tract of variable length that may
ontain interspersed cytidine substitutions [poly(U/C)] in
ome isolates (Fig. 1). To further delineate the specific
equences to which p58 and p35 bind, competition ex-
eriments were performed with RNA homopolymers
poly(U), poly(C), poly(A), or poly(G)] as competitors. The
esults are shown in Fig. 7. Both p58 and p35 bindings
ere competed out by a poly(U) homopolymer in a sim-
lar way to competition by 39 UTR/full and 39 UTR/D98
NAs. It reduced p35 labeling by .50% at 1 ng (Fig. 7A,
ane 4), whereas $10 ng nearly competed out all the
inding of p35 to 39 UTR (Fig. 7A). Although it competed
ut p58 binding only at 1000 ng (Fig. 7A), its competition
or p58 binding is similar to that of p58 binding by either
9 UTR/full or 39 UTR/D98 RNA at a protein concentration
f 45 mg (Figs. 2B and 5A). When cell extract used in the
ssay was reduced from 45 to 1.8 mg, p58 binding was as
ensitive as p35 binding to competition by a poly(U)
omopolymer (data not shown). However, a poly(A) ho-
opolymer also competed out both p58 and p35 binding,
hereas a poly(C) homopolymer did not significantly
ompete out either p58 or p35 binding (Fig. 7A). The
oly(A) homopolymer reduced p35 binding by a factor of
8%, 37%, 59%, and 90% and p58 binding by a factor of
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111PROTEIN BINDING TO HCV 39UTR POLY(U) TRACT0%, 22%, 64%, and 86% at 1, 10, 100, and 1000 ng,
espectively (Fig. 7B). It seems that affinity of poly(A)
inding to p35 is ;100-fold less compared with poly(U).
poly(G) homopolymer was unable to compete out p35
ross-linking to 39 UTR RNA until 1000 ng was used and
hen was able to reduce p35 binding by only 15%. How-
ver, poly(G) did cause a 20–30% reduction of p58 bind-
ng at 100 and 1000 ng, respectively (Fig. 6B). Taken
ogether, these results revealed that the affinity of p58
nd p35 binding to ribonucleotide homopolymers is in
he order of poly(U), poly(A), poly(G), and poly(C). These
indings also suggest that both p58 and p35 may specif-
cally interact with the poly(U) tract of the 39 UTR.
To further verify that p35 specifically binds to the
oly(U) tract of the 39 UTR, a specific poly(U) deletion
utant of 39 UTR, 39 UTR/dU, was generated and used in
competition analysis (Fig. 1). As shown in Fig. 8, the
nlabeled 39 UTR/dU RNA specifically competed out p58
inding but not p35 binding. It caused a reduction of p58
inding by 32% and 74% at 100 and 1000 ng, respectively
Fig. 8B). However, competition of p58 binding by 39
TR/dU RNA was not significantly increased even when
ell extract was reduced to 1.8 mg (data not shown). In
ontrast to 39 UTR/full and 39 UTR/D98 RNAs, 39 UTR/dU
NA was unable to entirely compete out p58 binding.
he exact reason is not yet known. A possible explana-
FIG. 6. (A) UV cross-linking of cellular proteins to 39 UTR/D98 RNA. An
1.8, 9, and 45 mg) of Huh7 cell extracts. The protein–RNA comple
lectrophoresis on an SDS–12% polyacrylamide gel. (B) Competition of
as incubated with 1.8 mg of cell extract and competed by increasing a
arkers are indicated on the left, and amounts of competitor RNA are i
omplexes with a monoclonal antibody specific for PTB. After UV cros
n anti-PTB monoclonal antibody, precipitated by protein A–Sepharose
hown in lane 1, and arrows on the right indicate the cross-linked cellion is that p58 may have different binding sites for 98 nt hnd poly(U) tract or that the affinity of p58 binding to
oly(U) may be better than its binding to 98 nt. Regard-
ess, these results demonstrate that the poly(U) tract of
he 39 UTR is specifically recognized by p35.
The p58 protein was found to bind to both the 39 end
8 nt (39 UTR/98 RNA, Fig. 4) and the nonconserved
equences consisting of the variable region and a
oly(U) tract (39 UTR/D98; Figs. 5 and 6). Because 39
TR/D98 RNA also contains the variable region in addi-
ion to a poly(U) tract, the variable region may also
nteract with p58. To rule out this possibility, an RNA
ontaining the variable region sequence (39 UTR/VRm)
Fig. 1) was generated and tested in a competition ex-
eriment. As shown in Fig. 9, 39 UTR/VRm has no effect
n either p58 or p35 binding at amounts up to 5000 ng,
egardless of the amount of cell extract used. This ex-
eriment clearly showed that the variable region has no
ole in p58 and p35 binding. Therefore, the poly(U) tract
f the 39 UTR was determined to be the binding site for
oth p58 and p35.
valuation of p58 and p35 in different cell types
UV cross-linking was used to determine whether p58
nd p35 are present in a number of different cell types.
hese include human liver cell lines Huh7 and HepG2;
]UTP-labeled 39 UTR/D98 RNA was incubated with increasing amounts
re UV cross-linked, treated by RNase digestion, and analyzed by
–RNA cross-linking by 39 UTR/D98 RNA. The labeled 39 UTR/full RNA
of unlabeled 39 UTR/D98 RNA (0, 0.1, 1.0, 10, and 100 ng). The protein
d on the top. (C) Immunoprecipitation of UV cross-linked protein–RNA
g and RNase treatment, protein–RNA complexes were incubated with
nalyzed on an SDS–12% polyacrylamide gel. The protein markers are
oteins.[a-32P
xes we
protein
mounts
ndicate
s-linkin
, and auman nonliver cell lines HeLa, Hep2, and 293; and
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112 GUANGXIANG LUOnimal cell lines BHK (hamster), COS-1 (monkey), and
DCK (canine). As shown in Fig. 10, both p58 and p35
roteins are ubiquitously present in all different cell
ypes tested here.
DISCUSSION
In vitro UV cross-linking analysis has been broadly
sed to study RNA–protein interactions, leading to an
nderstanding of the in vivo functions of a protein and its
pecific interaction with RNA (Belsham and Sonenberg,
996; Frankel et al., 1991; Nagai, 1993). In this study, this
ype of analysis was used to show that two cellular
FIG. 7. Competition analysis of RNA–protein interactions with RNA
a-32P]UTP-labeled 39 UTR/full RNA together with increasing amounts (a
r poly(G) homopolymer (B). RNA–protein complexes were then UV c
arkers are indicated on the left, and arrows indicate cellular prote
ross-linked protein–RNA complexes were quantified with a Storm Phroteins specifically interact with the 39 UTR of the HCV wNA genome. Based on their mobility in SDS–PAGE, it
as estimated that the molecular masses of these two
roteins are ;58 and ;35 kDa, respectively. Competi-
ion experiments showed that unlabeled 39 UTR RNA
pecifically competed out cross-linking to both p58 and
35 (Fig. 2). However, unlabeled 59 UTR RNA failed to
ompete out cross-linking to p35 and reduced cross-
inking to p58 by only 20%, even at a .1000 times higher
oncentration compared with 39 UTR/full RNA (Fig. 2D).
hese findings demonstrated that p35 specifically and
58 preferentially bind to the 39 UTR of the HCV RNA
enome. The p58 protein was confirmed to be the PTB,
polymers. Huh7 cell extracts were incubated with 3 3 105 cpm of
ated on the top) of either poly(U) or poly(C) homopolymer (A) or poly(A)
ked and analyzed by SDS–12% PAGE after RNase digestion. Protein
ne C is the labeled 39 UTR/full RNA only without cell extract. The
Imager.homo
s indic
ross-lin
ins. Lahich was previously found to interact with the HCV 59
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113PROTEIN BINDING TO HCV 39UTR POLY(U) TRACTTR (Ali and Siddiqui, 1995). Failure to compete out
ross-linking of p58 to the 39 UTR by 59 UTR RNA is
robably due to its different affinity in binding to 39 UTR
nd 59 UTR because it was recently observed that the
inding of PTB to the 39 end 98 nt is .100 times stronger
han that to the 59 UTR (Ito et al., 1998).
The p58 protein was previously reported to specifically
ind to the 39 end conserved 98 nt of the HCV RNA
enome (Ito and Lai, 1997; Tsuchihara et al., 1997). This
inding was also confirmed by results derived from this
tudy. The p58 binding site within the 39 end 98 nt was
FIG. 8. (A) A specific poly(U) deletion mutant of 39 UTR competed out
58 binding but not p35 binding. Huh7 cell extracts (45 mg) were
ncubated with 3 3 105 cpm of [a-32P]UTP-labeled 39 UTR/full RNA
ogether with increasing amounts (indicated on the top) of unlabeled 39
TR/dU RNA. After UV irradiation and RNase treatment, protein–RNA
omplexes were analyzed on an SDS–12% polyacrylamide gel. The
rotein markers are indicated on the left, and arrows on the right side
ndicate the cross-linked cellular proteins. Lane C, labeled 39 UTR/full
NA without added cell extract. (B) Competition curve of p58 and p35
ross-linking by 39 UTR/dU RNA. The p58– and p35–RNA complexes in
were quantified with a Storm PhosphorImager. The percentage of
ontrol (%) was calculated from the data using the complexes in the
bsence of competitor RNA as 100%. Percentage of control (%) is
lotted against the amounts of competitor RNA in log scale. , p58; and
, p35.urther mapped to the 59 end 28 nt of the 39 UTR 98 nt, vhich is consistent with previous studies (Ito and Lai,
997; Tsuchihara et al., 1997). In addition to binding to the
9 end conserved 98 nt, p58 was identified here to also
nteract with the poly(U) tract of the 39 UTR. This conclu-
ion was based on substantial evidence from several
xperiments. First, p58 was directly UV cross-linked with
n [a-32P]UTP-labeled 39 UTR RNA with deletion of the 39
nd 98 nt (39 UTR/D98). Cross-linking of p58 to 39 UTR/
98 is similar to that seen with 39 UTR/full RNA, as
hown in Fig. 6A. When unlabeled 39 UTR/D98 RNA was
sed in a competition analysis, it competed out the
inding of p58 to a similar extent as that by the intact 39
TR/full (Figs. 2D and 5B). In addition, the intensity of
ross-linking of p58 to the 39 end 98 nt was substantially
ecreased (3.5 times) compared with its cross-linking to
9 UTR/full (Fig. 4), suggesting that p58 may also bind to
sequence besides the 39 end 98 nt. In addition, a
oly(U) homopolymer could compete for p58 binding like
9 UTR/full and 39 UTR/D98 RNAs (Fig. 7A and data not
hown). In contrast to 39 UTR/full and 39 UTR/D98 RNAs,
owever, a mutant 39 UTR with a specific poly(U) tract
eletion, 39 UTR/dU, was unable to entirely compete out
58 binding (Fig. 8). Although the binding affinity of p58 to
oly(U) and the 39 end 98 nt was not determined, it
ppears that the binding of p58 to poly(U) is much stron-
er that that to the 39 end 98 nt (Figs. 2D, 5B, 6, 7A, and
, and data not shown). Furthermore, an RNA consisting
f the variable region of the 39 UTR and 6 nt from the 59
nd of the 98 nt (39 UTR/VRm), which does not have
ither a poly(U) tract or the conserved 98 nt, failed to
ompete out p58 binding. This finding further delineates
he binding site of p58 from within the nonconserved
egion to a poly(U) tract. The p58 protein was previously
etermined to be the PTB (Ito and Lai, 1997; Tsuchihara
t al., 1997). All the characteristics of p58 found in this
tudy suggest that it is the PTB, which was confirmed by
monoclonal antibody specific for PTB (Fig. 6C). Taken
ogether, findings described in this study demonstrated
hat PTB binds not only to the 39 end 98 nt but also to the
oly(U) tract of the HCV 39 UTR.
The faster moving protein, p35, has not been identified
reviously. In contrast to p58, which binds to the 39 end
onserved 98 nt as well as the poly(U) tract, p35 specif-
cally interacts with the poly(U) tract of the 39 UTR. De-
etion analysis of the 39 UTR mapped the binding site of
35 to the sequences consisting of the variable region
nd a poly(U) tract because it does not bind to the 39 end
8 nt (Fig. 4). Like p58, it binds to a mutant 39 UTR with
deletion of the 39 end 98 nt (39 UTR/D98) (Fig. 6A).
nlabeled 39 UTR/D98 RNA efficiently competed out p35
ross-linking. When a poly(U) homopolymer was used, it
lso potently competed out p35 radiolabeling (Fig. 7A). In
ddition, a poly(U)-deficient 39 UTR RNA specifically
ompeted for p58 binding without any effect on the p35
inding (Fig. 8). Furthermore, an RNA containing the
ariable region had no effect on the p35 binding (Fig. 9).
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114 GUANGXIANG LUOhese results clearly demonstrate that the poly(U) tract
f the 39 UTR is also the binding site for p35.
The possible functions of p58 and p35 in the HCV
nfectious cycle remain to be determined. It is known that
NA–protein interactions are required for numerous bi-
logical processes, including pre-mRNA splicing, RNA
ransportation, RNA modification, protein translation, and
egulation (Ali and Siddiqui, 1997; Belsham and Sonen-
erg, 1996; Frankel et al., 1991; Miranda et al., 1997;
agai, 1993; Von Hippel et al., 1995). For RNA viruses,
ellular proteins are found to interact with the viral RNA
FIG. 9. Competition of cross-linking of p58 and p35 to the 39 UTR by
05 cpm of [a-32P]UTP-labeled 39 UTR/full RNA and increasing amounts
rotein–RNA complexes were analyzed on an SDS–12% polyacrylami
ross-linking was determined with a Storm PhosphorImager. The amou
arkers are indicated on the left. Arrows on the right side highlight th
FIG. 10. Detection of 39 UTR-binding proteins in different cell types.
ell extracts were incubated with 3 3 105 cpm of [32P]UTP-labeled 39
TR/full RNA, followed by UV irradiation and RNase digestion. Cross-
inked cellular proteins were resolved by electrophoresis on an SDS–
2% polyacrylamide gel, and the gel was dried and autoradiographed.
ifferent cell types are indicated on the top of the figure. Protein size
arkers are indicated on the left side, and arrows on the right sidemndicate cross-linked cellular proteins.enome or antigenome to form ribonucleoprotein (RNP)
omplexes, which are involved in transcription, transla-
ion, replication, and virus assembly (Ali and Siddiqui,
997; Andino et al., 1993; Belsham and Sonenberg, 1996;
lackwell and Brinton, 1997; Gamarnik and Andino, 1998;
ellen et al., 1993; Liu et al., 1996). A number of cellular
roteins have been identified that specifically interact
ith the untranslated region of the viral RNA genome. In
he case of poliovirus, cellular proteins are associated
ith viral proteins and the 59 UTR of the viral RNA
enome, which are involved in both internal initiation of
ranslation and RNA replication (Ali and Siddiqui, 1997;
ndino et al., 1993; Belsham and Sonenberg, 1996;
ellen et al., 1993). Two cellular proteins, La antigen and
TB, were identified and extensively characterized (Ali
nd Siddiqui, 1997; Hellen et al., 1993). Both of them
nteract with the IRES elements and enhance protein
ranslation (Ali and Siddiqui, 1997; Belsham and Sonen-
erg, 1996; Hellen et al., 1993). In addition, RNA–protein
nteractions have been demonstrated to play an impor-
ant role in Qb phage RNA replication (Miranda et al.,
997). Furthermore, a number of cellular proteins have
een identified that bind to either the 59 UTR or 39 UTR of
he viral RNA genome or antigenome of other RNA vi-
uses; these include human rhinovirus (Todd et al.,1995),
epatitis A virus (Kusov et al., 1996), rubella virus (Liu et
l., 1996; Singh et al., 1994), mouse hepatitis virus (Fu-
uya and Lai, 1993; Yu and Leibowitz, 1995), measles
irus (Leopardi et al., 1993), Sindbis virus (Pardigon and
trauss, 1992), and West Nile virus (Blackwell and Brin-
on, 1995, 1997; Shi et al., 1996). Although functions of
/VRm RNA. Either 1.8 or 45 mg of cell extracts was incubated with 3 3
abeled 39 UTR/VRm RNA. After UV cross-linking and RNase treatment,
The gel was dried and autoradiograghed. The level of protein–RNA
ell extract and competitor RNA are shown on the top, and the protein
-linked cellular proteins.39 UTR
of unl
de gel.
nts of cost of these RNA–protein interactions must be estab-
l
a
i
w
t
i
a
9
t
P
r
I
w
I
t
n
p
t
m
t
r
i
t
P
t
b
i
R
i
s
s
1
t
a
c
g
b
b
a
i
t
t
a
u
t
r
r
t
g
r
R
t
a
s
c
m
p
s
o
t
a
C
g
S
c
c
1
T
A
G
3
a
g
n
w
c
3
s
o
G
3
f
p
d
w
o
o
C
f
i
p
3
p
c
C
C
U
o
a
p
a
a
o
o
A
H
115PROTEIN BINDING TO HCV 39UTR POLY(U) TRACTished, identification of the RNA–protein interactions usu-
lly represents the first step toward further understand-
ng of their functions in the virus life cycle. Recently, PTB
as identified to specifically bind to the 39 end 98 nt of
he HCV RNA genome and was speculated to play a role
n translation and replication of the viral RNA genome (Ito
nd Lai, 1997; Tsuchihara et al., 1997). In fact, the 39 end
8 nt of the HCV 39 UTR was recently found to stimulate
ranslation in an IRES-dependent manner. The binding of
TB to the 39 end 98 nt was believed to be partially
esponsible for stimulation of translation (Ito et al., 1998).
n this study, it was shown that the PTB also interacts
ith the poly(U) tract of the 39 UTR (Figs. 4–6, 8, and 9).
t seems that the binding of p58 to poly(U) is stronger
han that to the 39 end 98 nt (Figs. 6, 7A, and 8, and data
ot shown). Furthermore, an additional cellular protein,
35, was identified that specifically binds to the poly(U)
ract of the HCV 39 UTR. As shown in a chimpanzee
odel of infection, both the poly(U) tract sequences and
he conserved 98 nt of the 39 UTR are essential for
ecovery of infectious virus. However, the variable region
mmediately following the ORF was dispensable as
ested in this model (Yanagi et al., 1998a; Dr. Robert
urcell, personal communication). Therefore, interac-
ions of p58 and p35 with the poly(U) tract and the
inding of p58 to the 39 end 98 nt of the 39 UTR may play
mportant roles in translation and replication of the HCV
NA genome. The poly(U) tract varies in length in clinical
solates, and some isolates contain interspersed cytidine
ubstitutions (Kolykhalov et al., 1996; Major and Fein-
tone, 1997; Rice, 1996; Tanaka et al., 1995; Yamada et al.,
996). A possible function of these protein–RNA interac-
ions is to enhance translation of the viral RNA genome,
s reported recently (Ito et al., 1998). In addition, the
ellular proteins may inhibit replication of the viral RNA
enome through binding to the 39 UTR early in infection
ecause the binding of cellular proteins to the 39 UTR
locks that of NS5B (data not shown). However, the
ccumulation of viral proteins may begin to favor the
nteraction of 39 UTR with the replication complex rather
han cellular proteins. As reported previously, NS3 pro-
ein binds preferentially to poly(U) sequences (Kanai et
l., 1995), suggesting that it can be involved in the reg-
lation process of switching from translation to replica-
ion. The RNA sequences controlling the translation and
eplication of the viral RNA genome have been recently
eported for poliovirus (Gamarnik and Andino, 1998). In
his case, an RNA structure at the 59 end of the poliovirus
enome, next to the IRES, controls viral translation and
eplication. When cellular protein PCBP binds to this
NA structure, it up-regulates viral translation, whereas
he binding of the viral protein 3CD represses translation
nd promotes negative-strand RNA synthesis. It is pos-
ible that the interactions of cellular proteins with the
onserved 98 nt and the poly(U) tract of HCV 39 UTR
ight regulate viral translation and replication. It is also eossible that the length of the poly(U) tract with inter-
persed substitution of cytidines may determine the level
f virulence of HCV in vivo. Obviously, further investiga-
ions are needed to define the functions of the 39 UTR
nd its interaction with cellular proteins.
MATERIALS AND METHODS
onstruction of plasmid DNA
A plasmid containing the cDNA of the 39 UTR of HCV
enotype 1b was kindly provided by Drs. Tanaka and
himotohno (Tanaka et al., 1995, 1996). This 39 UTR is
omposed of a variable region, a poly(U) tract, and the
onserved 39-terminal 98 nt (Fig. 1; Tanaka et al., 1995,
996). The 39 UTR was amplified by PCR using primers
7/39 UTR (59-GCGCGGTACCTTAATACGACTCACTAT-
GGTGAACGGGGAGCTAACCA-39) and 39 UTR/EarI (59-
CGCGTCGACTCTTCGACATGATCTGCAGAGAGGCCA-
9). The PCR DNA fragment was digested with KpnI–SalI
nd inserted into a pUC19 plasmid that was also di-
ested by both KpnI and SalI. This plasmid was desig-
ated pUC19/T7–39 UTR. The pUCRT/39 UTR/98 DNA,
hich contains only the 39-terminal conserved 98 nt, was
onstructed by cloning only the conserved 98 nt from the
9 UTR into vector pUC19/RT (Luo et al., 1997). This
equence was amplified through PCR using oligonucle-
tide primers T7HCV/98 (59-GCGCGGTACCTTAATAC-
ACTCACTATAGGTGGCTCCATCTTAGCC-39) and HCV/
end (59-ACATGATCTGCAGAGAGG-39). The amplified
ragment was digested with KpnI and inserted into
UC19/RT, which was cut by EagI, end filled, and then
igested with KpnI. Plasmid pUC19/T7–39 UTR/D98,
hich contains only the variable region and poly(U) tract
f the 39 UTR, was constructed through PCR priming with
ligonucleotides T7/39 UTR and HCV3/D98 (59-GCG-
GTCGACTCTTCGAAAGAAGAAAGAAA-39). The ampli-
ied DNA was digested with KpnI and SalI and ligated
nto similarly digested pUC19. To generate a specific
oly(U) deletion mutant RNA of 39 UTR, plasmid pUC19/
9UTR/dU was constructed. Two separate PCRs were
erformed. The first PCR was carried out using oligonu-
leotides 39 UTR/dU (59-GGTGAACGGGGAGCTAACCA-
TCCAGGCCAATAGGCCATCTGGGTGGCTCCATCTTAG-
CCT-39) and 39 UTR/EarI as primers and pUC19/T7–39
TR as template, and the second PCR was done with
ligonucleotides T7/39 UTR (see above) and 39 UTR/EarI
s primers and the purified first PCR product as tem-
late. The PCR DNA fragment was digested with KpnI
nd SalI and inserted into pUC19 vector as described
bove.
Plasmid pUCRT/T7–59 UTR, which contains the 59 UTR
f HCV genotype 1a, was constructed by PCR using
ligonucleotides T7/HCV5 (59-GCGGGTACCGATATCTT-
ATACGACTCACTATAGCCAGCCCCCTGATGG-39) and
CV/ClaI (59-CGCACGTAAGGGTATCGATG-39) as prim-
rs and pCRII/NS3 as template. PCRII/NS3 contains the
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116 GUANGXIANG LUODNA of the 59 UTR of an HCV genotype 1a virus (Heidi
ang, unpublished) and is nearly identical in sequence
o that described by others (Brown et al., 1992). The PCR
roduct was digested with KpnI and inserted into the
UCRT vector (Luo et al., 1997), which was linearized by
agI digestion and end filled, followed by KpnI diges-
ion. All plasmid constructs were confirmed by DNA
equencing.
n vitro RNA transcription
The products of the in vitro T7 RNA transcription of
ull-length 39 UTR and deletion mutants are schemati-
ally shown in Fig. 1. The full-length 39 UTR was tran-
cribed from pUC19/T7–39 UTR DNA, which was linear-
zed by EarI digestion. Deletion mutants 39 UTR/D39 and
9 UTR/D70 were transcribed from pUC19/T7–39 UTR
lasmid that was digested by PstI and blunt ended by
lenow fragment (New England Biolabs, Beverly, MA)
nd NheI, respectively. The poly(U) deletion mutant was
erived from EarI-linearized pUC19/39 UTR/dU DNA. 39
TR/D98 was synthesized from pUC19/T7–39 UTR/D98
fter digestion with EarI. 39 UTR/98 was synthesized from
ndigested plasmid pUCRT/39 UTR/98 in which the Tw
equence terminates T7 RNA transcription and a ri-
ozyme derived from HDV (Pattnaik et al., 1992) autocata-
ytically processes the RNA transcripts to produce pre-
ise 39 UTR/98. 59 UTR/full RNA was transcribed from
alI-linearized pUCRT/T7–59 UTR and processed by HDV
ibozyme at 39 end. 39 UTR/VRm RNA consisting of the
ariable region of the 39 UTR and 6 nt (GGUGGC) derived
rom the 59 end of the conserved 98 nt was generated
rom plasmid pUC19/39 UTR/dU that was digested with
laIV. All RNA transcripts were synthesized in vitro using
commercial T7 RNA transcription kit (Stratagene, La
olla, CA). To generate [a-32P]UTP-labeled RNA, 10 ml of
a-32P]UTP (NEN, Boston, MA) and 1 ml of 0.4 mM cold
TP were added to a 40-ml reaction containing other
ngredients as specified. All RNAs were purified by elec-
rophoresis on a 6% polyacrylamide gel containing 7.7 M
rea. RNA was eluted from the gel by incubation with an
lution buffer (0.5 M ammonium acetate, 1 mM EDTA,
nd 0.1% SDS) at 37°C overnight and then collected by
thanol precipitation (Luo et al., 1992). RNA concentra-
ion was determined by measurement of spectrophotom-
ter.
reparation of cell extracts
Huh7, HepG2, HeLa, 293, Hep2, BHK, Cos-1, and
DCK cells were grown in DMEM supplemented with
0% FBS. Cell extracts were prepared according to the
rocedure of Andino et al. (1993) with slight modifica-
ions. Briefly, cells were washed twice with cold PBS,
craped, collected by centrifugation, and washed twice
ith cold PBS. The cell pellet was then resuspended in
33 volume of buffer A (10 mM HEPES, pH 7.9, 10 mM aCl, 1.5 mM MgCl2, 1 mM DTT, 1% Nonidet P-40, and 0.1
M phenylmethylsulfonyl fluoride). After incubation on
ce for 20 min, cells were homogenized by 30 strokes in
Dounce homogenizer, and nuclei were removed by
entrifugation. The supernatant was transferred to a new
ube and centrifuged for 15 min at 10,000 rpm in an SSR
otor (Sorvall). The resulting supernatant was removed
nd mixed with glycerol to a final concentration of 10%
nd stored at 280°C.
V cross-linking of RNA with cellular proteins
Procedures for UV cross-linking of RNA with cellular
roteins were modified from the published report (An-
ino et al., 1990). Cell extracts were first incubated with
0 mg of yeast RNA in binding buffer (10 mM HEPES, 10
M KCl, 1.5 mM MgCl2, 1 mM DTT, 0.5% Nonidet P-40,
% glycerol) at 30°C for 10 min. Then 2 ml of [a-32P]UTP-
abeled RNA (3 3 105 cpm) was added for an additional
0-min incubation in a final volume of 20 ml. For compe-
ition experiments, different amounts (as indicated) of
ell extracts was first mixed with 20 mg of yeast RNA at
0°C for 10 min, and different amounts of either unla-
eled RNA, poly(U), poly(G), poly(A), or poly(C) homopoly-
er (Pharmacia Biotech, Piscataway, NJ) were subse-
uently mixed together with [a-32P]UTP-labeled RNA. Af-
er 30-min further incubation at 30°C, the reaction was
rradiated under UV light (8 W; Sylvania/GTE, Japan) on
ce at a distance of 3 cm for 20 min. The reaction was
hen treated with 2 mg/ml RNase A and 100 units of
Nase T1 (GIBCO BRL, Gaithersburg, MD) at 30°C for 30
in. The reaction was mixed with an equal volume of
aemmli’s sample buffer (Bio-Rad, Hercules, CA) and
oiled for 5 min before loading on an SDS–10% or 12%
olyacrylamide gel. The gel was dried and autoradio-
raphed. The UV cross-linked protein–RNA complex was
uantified with a Storm PhosphorImager (Molecular Dy-
amics, Sunnyvale, CA) (Johnston et al., 1990).
mmunoprecipitation of p58–RNA complex with an
nti-PTB antibody
UV cross-linking of the 39 UTR RNA to cellular proteins
ere performed as described above. After UV cross-
inking and RNase treatment, the reaction was diluted
ith 300 ml of RIPA buffer (150 mM NaCl, 50 mM Tris–
Cl, pH 7.4, 0.1% SDS, 0.5% deoxycholate, 1 mM EDTA,
nd 1% Triton X-100) and incubated with 1:100 diluted
onoclonal antibody against PTB (kindly provided by Dr.
ckard Wimmer, State University of New York at Stony
rook) (Hellen et al., 1993) at 4°C overnight. The protein–
NA complex was then precipitated with protein
–Sepharose (Pharmacia Biotech). The p58–RNA com-
lex-bound Sepharose beads were washed four times
ith RIPA buffer and boiled for 5 min before 12% SDS–
olyacrylamide gel electrophoresis. The gel was dried
nd autoradiographed.
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